The fast Fourier transform (FFT) sampling algorithm has been used with success in application to protein-protein docking and for protein mapping, the latter docking a variety of small organic molecules for the identification of binding hot spots on the target protein. Here we explore the local rather than global usage of the FFT sampling approach in docking applications. If the global FFT based search yields a near-native cluster of docked structures for a protein complex, then focused resampling of the cluster generally leads to a substantial increase in the number of conformations close to the native structure. In protein mapping, focused resampling of the selected hot spot regions generally reveals further hot spots that, while not as strong as the primary hot spots, also contribute to ligand binding. The detection of additional ligand binding regions is shown by the improved overlap between hot spots and bound ligands.
Introduction
The goal of protein-protein docking is to determine the structure of a complex in atomic detail, starting from the coordinates of the unbound component molecules. [1] [2] [3] [4] In contrast, protein mapping is aimed at identifying the hot spots of proteins, i.e., regions that are major contributors to the binding free energy and hence are crucial to the binding of any ligand at that particular site. It was shown that such hot spots bind a large variety of fragment sized organic compounds, and hence determining where such probe molecules cluster on the protein surface can be used for finding the hot spots. [5] [6] [7] [8] Although docking and mapping seem to substantially differ, what is common between them is that both require exhaustive sampling of the energy landscape over the conformational space of a receptor-ligand complex. [9, 10] Assuming the validity of rigid body approximation, the fast Fourier transform (FFT) correlation algorithm provides a computationally very efficient approach to performing these calculations. Indeed, due to the pairwise character of interactions in most molecular mechanics force fields, the energy of the complex at the fixed position of the receptor and at a given rotation of the ligand can be calculated as the convolution integral of two functions, one defined on the receptor and the other on the ligand. [11] [12] [13] Considering the functions on grids, the integral is converted into a sum, which can be calculated as a product of the discrete Fourier transforms of the two functions, resulting in the so-called fast Fourier transform (FFT) correlation method. Due to its extreme computational efficiency, this approach can systematically evaluate billions of docked conformations within a few hours on a single processor, and the algorithm is easily parallelizable. FFT has been first used for protein-protein docking with a scoring function representing only shape complementarity, [11, 14, 15] but later it has been expanded to include electrostatic and solvation terms, [16] [17] [18] and more recently structure-based pairwise interaction potentials, [19, 20] substantially improving the accuracy of the method. The power of using FFT is well demonstrated by the fact that a large number of best performing methods in the blinded protein-protein docking experiments CAPRI (Critical Assessment of PRotein Interactions) [21] are based on this approach.
the druggability of a site, [28, 29] as well as for fragment-based drug discovery. [30] [31] [32] While the FFT algorithm is less widely used for mapping than for protein docking, it provides similar advantages. [10] Although in mapping each ligand used as a probe usually consists of less than 15 heavy atoms, identification of hot spots requires determining interactions with a number of different probes, and hence the efficiency of the search remains a concern. Increasing the number and variety of probes generally provides more specific information on the binding site in form of structure-based pharmacophores. [31, 32] In addition to the improved numerical efficiency, a major advantage of using FFT is its ability to perform systematic sampling, which allows for the calculation of partition functions and thus determining important thermodynamic quantities such as free energy within the framework of rigid body grid approximation. [33, 34] In FFT based docking and mapping methods the global grid sampling is usually followed by some type of off-grid refinement, which can be simple energy minimization, Monte Carlo search, or Monte Carlo minimization. [9] Since the refinement is computationally much less efficient than the grid based sampling by FFT, it is necessarily restricted to certain regions of the conformational space, selected on the basis of the outcome of global search and frequently some a priori information. In view of the extreme efficiency of the grid sampling, the question we consider here is the potential utility of performing the refinement also by FFT, restricting the search to the region of interest but using enhanced sampling, either by employing a finer grid or by retaining more sample points in the region. Although such refinement still assumes rigid body association, it is important to note that both docking and mapping by FFT use "smooth" scoring functions that do not penalize some degree of steric overlaps, and hence neglecting some level of conformational change does not necessarily make the approach inferior to a refinement method that allows for some flexibility, but can perform only more limited sampling. In addition, the structures generated by rigid body resampling can be used as starting points for methods that account for flexibility. Accordingly, to demonstrate the relationship between focused resampling and Monte Carlo based refinement, we also study here the impact of short Monte Carlo minimization (MCM) runs.
To make the analysis of focused sampling meaningful we focus on correct regions of interest as usual at the refinement stage, [9] and hence we assume that such region can be selected based on the results of initial docking or mapping, or additional information is available to assist the selection. The information needed for such decisions may be very limited. Global protein-protein docking usually yields a few large clusters of low energy docked structures, and the knowledge of a single residue located in the interface, determined by site directed mutagenesis or crosslinking, is frequently enough to choose the right one among such clusters. [9] Moreover, in many cases one cluster is much larger than the others, facilitating finding the likely near-native cluster without additional data. It is also possible that structures in several clusters should be refined before the final decision can be made. [35] In protein mapping it is generally simpler to find the region of interest, as for most proteins some information is available on the approximate location of the functional site. [28, 36] In this article we restrict consideration to the resampling of the most near-native large cluster in docking and to the region containing the known functional or drug target site in mapping. In order to determine whether the refinement is effective, we need test problems and baselines for comparison. In protein-protein docking we will consider a subset of the established docking benchmark set containing structures of protein pairs for which the X-ray structures of the complex is also available. [37] For establishing the baseline for docking success we first perform global FFT based docking using the PIPER program, [19] cluster the low energy structures as described for the ClusPro server, [18, 34] select the cluster closest to the native state, and determine the fraction of structures that are within 5 Å interface root mean square deviation (IRMSD) from the native complex. The IRMSD value is calculated for the backbone atoms of the ligand that are within 10 Å of any receptor atom after superimposing the receptors in the X-ray and docked complex structures. The problem we consider here is determining whether this fraction can be increased if the region defined by the cluster is resampled on a finer grid and using the FFT algorithm that initially retains more low energy translation for each rotation of the ligand. For the analysis of the impact of resampling in protein mapping we consider a small benchmark set consisting of proteins with X-ray structures available for both apo and holo forms, the latter cocrystallized with a ligand. For each protein, the ligand-free structure is mapped, and the quality of mapping results is assessed on the basis of how well the hot spots overlap with the bound ligand. The results from this initial mapping, as well as a priori information available on the ligand binding site, will be used to determine the region of interest for focused mapping, and the enhanced hot spots will be analyzed as in the global mapping calculation. We have specifically selected proteins that have several hot spot regions, and hence the initial mapping does not provide a sufficiently accurate picture of the hot spots in the region of interest.
Methods
For a more detailed description of the methods, please refer to the Supporting Information.
Protein-protein docking
Global Docking Using the ClusPro Server. The ClusPro server [34] docks the two proteins (considered the receptor and the ligand, respectively) using the PIPER program based on the FFT correlation approach. As reported earlier, [19, 34] the scoring function in PIPER is a weighted combination of three energy terms: a van der Waals term describing attractive and repulsive contributions, a truncated coulombic term for the electrostatic energy, and a structure-based pairwise potential primarily representing desolvation. Selecting the weights of the energy terms depends on the characteristics of the
protein-protein association (hydrophobicity driven, balanced and electrostatics driven). [34] Since the type of interaction primarily driving the association is generally not known before docking, a standard ClusPro run simultaneously performs docking with all three sets of coefficients (Fig. 1) . [34] As will be described, we test resampling for type of complexes classified as "others" in the protein docking benchmark set. [37] This class includes complexes with highly variable properties that generally result in fairly challenging docking problem. To reduce the dependence of docking results on the selection of the energy weighting scheme, the 500 best scoring structures are retained for each of the three sets of weighting coefficients, and merged into the final set of 1500 structures. The second step of ClusPro is clustering the 1500 structures using pairwise interface root mean square deviation (IRMSD) as the distance measure. [34, 38] Clusters are ranked based on the number of structures that a ligand has within a (default) cluster radius of 9 Å IRMSD, and the ranked complexes are subjected to a straightforward (300 steps and fixed backbone) van der Waals minimization using the CHARMM potential to remove potential side chain clashes. [39] As mentioned, in this work we explore refinement, and hence restrict consideration to the most near-native cluster. The region of interest, defined by this near-native cluster, is further restricted by removing the structures that are more than 10 Å IRMSD from the structure representing the center of the cluster. For comparison with our previous docking results, [19] we reduce the number of starting conformations to 1000 by selecting the 333 lowest energy structures from each of the three sets obtained by the different weighting coefficients, and add one more low energy structure. Measures are taken so that the final set has 1000 structures if any of the three sets has fewer than 333 structures.
Focused Resampling of the Near-Native Region. From a dense rotation set, rotations are chosen which are similar to the rotations of the 1000 structures retained from the initial docking.
These rotations are then used for local resampling of the region by the PIPER program. [19] Translations were constrained to 10 Å distance from the geometric center of the structure representing the cluster center. Similarly to the initial docking, the conformations are docked using three sets of coefficients, and 1000 post-refinement conformations are retained.
Off-Grid Refinement with Rigid Body Energy Minimization and
Side Chain Repacking. We have implemented an off-grid refinement based on a standard Monte Carlo Minimization (MCM) protocol. [40] Each MCM iteration consists of three steps:
(1) the ligand conformation is (randomly) perturbed while keeping the receptor fixed; (2) we slide the proteins back into contact while repacking of interface side chains as described previously; [40] and (3) refine the resulting complex using a manifold-based local minimization algorithm, [41] allowing the side-chains to slightly move to off-rotamer positions. In contrast to the rigid body docking, steps 2 and 3 of MCM remove all steric clashes, and hence we can use a higher accuracy scoring function, which combines force-field and knowledgebased energy terms. [40] This MCM protocol will be used to further refine the structures generated by the focused sampling. As will be discussed, short MCM runs are sufficient to demonstrate the basic properties of the method, and hence we perform only five MCM iterations from each starting structure.
Benchmark Set of Complexes for Protein-Protein Docking. The docking, resampling, and off-grid refinement algorithms were applied to 49 protein pairs selected from the "other" type of complexes of version 4.0 of the docking benchmark set. [42] The "others" subset was chosen because it includes many complexes with limited shape complementarity and hence presents challenging problems for the refinement. Selected pairs of unbound proteins from this subset were docked. Although benchmark 4.0 includes 99 "other" type complexes, we considered only the 49 targets listed in Table 1 for which at least one of the clusters generated by ClusPro includes ten or more docked structures within 10 Å IRMSD from the corresponding bound structures. We note that the fraction of such structures, obtained without any additional information on the bound complex, agrees well with the about 50% overall success rates seen in the rounds of the CAPRI protein docking experiment. [22] [23] [24] [25] [26] Protein mapping
Global Mapping Using the FTMap Server. FTMap places small organic molecules as probes on a grid around the target protein. For each probe, an FFT correlation based algorithm generates bound positions using a detailed energy expression as the scoring function. [10] For each probe we select the 2000 lowest energy poses which are further minimized off the grid using the CHARMM potential [39] with a continuum electrostatic model. [43] The minimized probe conformations are clustered and ranked on the basis of their Boltzmann averaged energies, and the six clusters with the lowest average energies are retained for each probe. The clusters of different probes are then clustered into consensus clusters (CCs). The hot spots are identified by these consensus clusters, and the consensus cluster with the highest number of cluster centers within 4 Å is selected as the main hot spot. Consensus clusters with fewer probe clusters identify secondary hot spots. We emphasize that global mapping is performed on ligand-free protein structures whenever such are available, and no information related to ligand binding is required. It was shown for many proteins that the main hot spot generally overlaps with the most important moiety of the bound ligand, and the ligand extends into secondary hot spots. [10, 29, 31, [44] [45] [46] [47] [48] Focused Mapping. Based on the results of the global mapping, we select the consensus clusters of interest. The resampling involves the same FTMap algorithm as in the global mapping, but this time we retain the best 2000 structures we find within the region just defined rather than anywhere around the protein as in global mapping. The clustering and finding of consensus clusters proceed as in the global case. However, due to retaining higher numbers of probes in the region of interest, the mapping generally provides much more detailed information on the location and shape of the hot spots.
Benchmark Set for Protein Mapping. As stated, ligands of proteins generally bind at the main hot spot, and the collection of hot spots overlap with the ligand. [49] For this study, however, we focus on four systems where this is not the case (Table 2) . In all these cases we consider sites that bind small ligands, developed for inhibiting protein-protein interactions, but are not located at the main binding hot spot of the target protein. Since most probes cluster at the main binding hot spots, the global mapping provides limited information on the secondary hot spots that are located at such weaker binding sites, although the latter are known to interact with specific ligands. It is emphasized that we always map the structure of ligand-free proteins, and the global mapping does not involve any assumption on the binding. All water molecules, ions, or any ligands are removed before mapping.
Results and Discussion
Protein-protein docking
Results for the 49 complexes are shown in Table 1 . First we show the global PIPER results. These include the IRMSD of the structure at the center at the selected low energy cluster from the native structure, the number of initial docked structures that were used as the starting points for the resampling, and the number and fraction of structures below 5 Å IRMSD. As shown, in a few cases we have less than 1000 starting structures that satisfy our selection condition of being within 10 Å IRMSD from the center of the near-native cluster. The next columns in Table 1 list the number of structures selected after resampling, which is always 1000, and the number and fraction of structures below 5 Å IRMSD. Figure 2 shows the fraction of structures below 5 Å IRMSD among the conformations generated by the global docking as provided by the ClusPro server, and the fraction of such structures after the refinement by focused resampling followed by off grid optimization. Supporting Information Figure S2 also shows the fraction when the off grid optimization is performed without the focused resampling. For nine targets the Figure 2 . Fraction of docked structures with less than 5 Å IRMSD among the structures generated by ClusPro (blue triangles) and focused FFT resampling followed by off grid optimization (red squares) of the near-native cluster obtained by the global docking. Results are shown for the 49 complexes listed in Table 1 . Additionally, results of off grid optimization without focused FFT resampling are shown in Supporting Information Figures S2 to S4 and Table S1 .
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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WWW.C-CHEM.ORG selected low energy clusters do not include any structure with less than 5 Å IRMSD. It is well known that docking methods may have difficulties for a number of different reasons. [50] In particular, rigid body methods such as PIPER do not work well if the association is accompanied by substantial backbone conformational change, which is the case for targets 2I9B, 2NZ8, and 2OT3. [42, [51] [52] [53] In other cases the interface is too small and results in weak interaction, the target is part of a larger complex, or the complex is stabilized by strong electrostatic interactions that heavily depend on the conformation of some charged side chains. [50] The lack of low energy near-native structures implies that, according to the PIPER scoring function, the lowest energy regions are not close to the native state. As expected, resampling does not help in such cases, and no higher accuracy structures emerge (Fig. 2) . However, resampling increases the fraction of structures with less than 5 Å IRMSD for 30 complexes that already have such structures from the global docking. The improvement is substantial for 19 complexes, where "substantial" is defined as a change of at least 0.05 in the fraction of structures below 5 Å IRMSD, i.e., adding at least 50 higher accuracy structures. Using the same definition, the resampling substantially decreases the fraction of near-native structures only for 3 of the 49 complexes. Figure 2 emphasizes the substantial variations in the impact of focused mapping among the complexes. In fact, as already mentioned, focused mapping does not improve the results for the nine complexes for which the global PIPER search fails to find any structure below 5 Å IRMSD, whereas the improvements are substantial for a number of other complexes.
The results of off grid optimization without focused resampling are also presented in Supporting Information Figures  S2-S4 and Table S1 . According to these results, performing off grid optimization after focused rigid resampling always yields more near-native structures (with less than 5 Å IRMSD) than off grid optimization without the focused rigid resampling. This result demonstrates that resampling is useful.
Further insight on the differences between complexes can be obtained by examining how resampling affects the distributions of the docked structure's IRMSDs from the native bound structure. Results for four complexes are shown in Figure 3 . Figure 3 also shows the impact of focused FFT resampling before off-grid optimization. The resampling significantly 
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increases the number of near-native structures and shifts the distribution toward the native structure for the complex between cytoplasmic domain of the type I TGFa receptor and FKBP12, PDB ID 1B6C (Fig. 3a) , and also for the complex between human PPARc and RXRa ligand binding domains, PDB ID 1K74 (Fig. 3b) . Both these complexes have well-defined structures and relatively high affinity, and the scoring function used in PIPER and based on molecular mechanics has its global minimum close to the native structures. This is further emphasized by the result that the refinement using MCM further increases the fraction of structures within 5 Å IRMSD from the native state (Figs. 3a and 3b) . The third system, adenylyl cyclase with its stimulatory heterotrimeric G protein alpha subunit, PDB ID 1AZS, forms a weaker complex as it is modulated by ATP versus ADP binding. Nevertheless, the focused resampling increases the number of structures below 5 Å IRMSD (Table 1 ) and shifts the distribution toward the native structure, substantially reducing the fraction of structures with IRMSD values in excess of 6 Å (Fig. 3c) . Interestingly, the subsequent Monte Carlo minimization actually slightly reduces the number of structures below 5 Å , and according to Figure 3c most low energy structures are between 3.8 Å and 6.3 Å from the native, with a substantial fraction exceeding the selected threshold of 5 Å IRMSD. The fourth complex, formed by the Nterminal domain of the electron transfer catalyst DsbD and the cytochrome C biogenesis protein CcmG, is weak, and is stabilized by a disulfide bridge. For this fourth complex, most structures generated by the docking are between 8 Å and 11 Å IRMSD from the one in the x-ray structure (Fig. 3d) . The resampling and particularly the Monte Carlo refinement shifts the distribution toward these large IRMSD values, indicating that the energy function, not accounting for the impact of the disulfide link, has its lowest minima far from the X-ray structure. Thus, depending whether or not the PIPER scoring function yields low values near the native state, different complexes exhibit very different distributions of IRMSD values. This statement generally also applies to the outcome of the refinement by the MCM algorithm, in spite of the local refinement that allows for the use of a more detailed energy function. We note that Table 1 and Figure 3 show the results of performing only five MCM steps from each of the structures generated by the focused resampling, and further analysis of refinement by MCM has been presented separately. [54] According to Figure 2 , resampling increases the number of near-native structures for the majority of complexes, and the important question is how these results can be used. As shown in Figures 3a-3c , in such cases the IRMSD distribution generally shifts toward the native state (Figures 3a-3c ). Since the clustering method used in ClusPro identifies clusters with the highest density of structures, we expected that using a smaller clustering radius the cluster centers would be closer to the native structures than the centers of the original nearnative clusters identified by the global docking. While this was true for a number of complexes, overall this strategy did not yield significant improvement.
In fact, as shown in Figure 3d , the cluster center may shift farther from the native state. However, there are several applications where the densely sampled energy landscape is useful. First, we have developed the medium-range optimization method SDU that can use these data for the construction of an initial underestimator function. [55] After finding the minimum of the underestimator, the method attempts to iteratively expand the region of interest toward lower energies by adding further sample points and updating the underestimator. [55] However, we admit that SDU is unlikely to improve the accuracy of docked structures if the energy minimum is far from the native complex. The second application is stability analysis, which is used if the near-native cluster cannot be identified among the ones produced by the docking. In this case focused sampling is applied to all potential clusters. Stability analysis is based on the hypothesis that clusters of nearnative structures are located in broad energy funnels. In our current methodology this hypothesis is tested by starting short Monte Carlo minimization (MCM) simulations from randomly selected structures of the cluster. [35] However, if the clusters are finely sampled, the MCM runs can be replaced by a more efficient approach based on stochastic roadmap simulations (SRSs) to determine the escape tendencies of the ligand from the low energy regions. [56] To perform SRS one needs first to build a network called stochastic roadmap. Once the roadmap is constructed, simple calculations can be used to determine escape times and thus the "stability" of each cluster. Although the method is extremely elegant, it requires very dense sampling, and hence it has rarely been used in applications. However, after resampling we will have all the energy values needed, and thus can set up and apply the method with little additional effort. The Markov chain model description, recently used for cluster discrimination in protein-protein docking, provides a similar approach and also can take advantage of the finely sampled energy landscape. Figure 4 shows both global and focused mapping results for the four proteins listed in Table 2 . We discuss the results for each protein separately.
Protein mapping
Von Hippel-Lindau (VHL) Protein. The von Hippel-Lindau (VHL) protein is the substrate recognition subunit of an E3 ubiquitin ligase. [57] The primary substrate of VHL is hypoxiainducible factor 1a (HIF-1a), which binds in a shallow groove on the surface of the VHL protein. The VHL/HIF-1a is interaction is currently under investigation as a target for the treatment of chronic anemia associated with chronic kidney disease and chemotherapy. [58] [59] [60] [61] Global mapping identifies three CCs as main hot spots, all three with 16 probe clusters, in different regions of VHL as it interacts with a variety of proteins. All other CCs are weaker. One of the main hot spots overlaps with the central core of known inhibitors, the N-acetyl-L-Hydroxyproline N-methylamide (L-Hyp) moiety (Fig. 4a) , but no hot spot overlaps with the rest of the inhibitor. [62] Having 16 probe clusters in a CC is the minimum number required for druggability, [29, 49] in agreement with the observation that the binding sites in the VHL/ HIF-1a interface are relatively flat and difficult to target with FULL PAPER WWW.C-CHEM.ORG small molecule inhibitors. Nevertheless, by using focused FFT resampling we are able to detect additional hot spots in the vicinity of this CC, both of which are used by the inhibitor. These CCs are CC5 with 13 probe clusters and CC8 with 2 probe clusters ( Table 2 and Fig. 4a ). In agreement with the existence of such additional hot spots, recent optimization of the inhibitor on the two sides of the central L-Hyp moiety resulted in several inhibitors with high nanomolar affinities. [59] Nevertheless, the importance of the main hot spot is shown by the fact that all these inhibitors retain the L-Hyp central core. [62] Survivin. Survivin is an anti-apoptotic protein that is overexpressed in most human tumors. [63, 64] Downregulation of survivin expression or its function can sensitize tumor cells to chemotherapeutics. [65] Survivin belongs to the inhibitor of apoptosis (IAP) protein family. Proteins within the IAP family share a common baculovirus IAP repeat (BIR) domain that contains a peptide-binding groove on the surface, in many cases interacting with the Smac/DIABLO N-terminal peptide. [57] However, survivin has much lower affinity for the peptide than other members of the IAP family, and the protein has a much stronger binding site for small molecules at the dimerization domain, where the main hot spot is found. [63, 66] Within the peptide-binding groove, global mapping finds only CC7 with four probe clusters, indicating a very weak binding site. [49] CC7
overlaps with the Ala1 residue of the N-terminus of the Smac/ DIABLO peptide (Fig. 4b) . The majority of probe clusters are located in the dimerization domain, which is known to include a binding site for high affinity ligands. [63, 66] Nevertheless, survivin very weakly binds the Smac/DIABLO peptide, and focused resampling of the peptide binding region yields improvement in terms of better identifying the ligand coverage area. The two new CCs, CC2 and CC5 with 22 and 8 probe clusters, respectively, overlap with the peptide (Table 2 and Fig. 4b ).
Proliferating Cell Nuclear Antigen (PCNA). PCNA is a highly conserved eukaryotic protein that is essential for DNA replication and for both DNA excision and mismatch repair. [67] PCNA has recently been identified as a target for the binding of several proteins. All these interactions occur through the conserved motif QXX(L/I/M)XX(F/Y/W)(F/Y), contacting the same site on PCNA. [67] In particular, the replication endonuclease FEN-1 is recognized via its LXXFF motif. [68] Global mapping of PCNA places CC3 with 17 probe clusters in the PCNA pocket that binds Leu7 in the PCNA-binding motif of FEN-1, but the Phe binding pocket is not detected. Focused FFT resampling finds another consensus cluster, CC8 with 4 probe clusters, in the pocket that binds Phe11 of FEN-1 (Fig. 4c ).
KEAP1. Kelch-like ECH-associated protein 1 (KEAP1) is a facilitator of ubiquitination that negatively regulates the transcription factor, Nrf2 (Nuclear factor-erythroud 2-related factor 2). [69] Nrf2 directs the transcription of protective genes related to oxidative stresses and thus a small molecule inhibitor that blocks the KEAP1/Nrf2 interaction may be relevant to a number of diseases, including cancer, Alzheimer's disease, and arthritis. [70] KEAP1 possesses a large positively charged central cavity and it is within this cavity that most of the mapping probes are found upon initial mapping with FTMap. However, a fairly high affinity ligand (IC50 5 2.7 mM) is found to bind only at the bottom of this central cavity and has minimal overlap with the probe clusters; CC2 with 21 probe clusters is the closest CC to this ligand (Fig. 4d) . Focused FFT resampling of this region of interest yields improved results, identifying 4 CCs that overlap with the ligand: CC1 (25 probe clusters), CC4 (17 probe clusters), CC5 (6 probe clusters), and CC6 (3 probe clusters). One goal of mapping is to obtain information on the regions of the binding site that are most likely to accommodate ligands. [71] Such analysis is important, because we map ligand-free proteins, and thus the results provide information on the size and shape of potential ligands. The success of the mapping can be assessed by ligand coverage, which measures the overlap between the region occupied by the probes and the region occupied by a ligand of interest. Therefore, to determine the impact of focused FFT resampling method, we calculated the percent ligand coverage for each target, defined as the number of ligand heavy atoms covered by probes, divided by the number of total ligand heavy atoms. A ligand atom is considered covered by probes if it is within a radius of 2 Å of any heavy atom of any probe in a consensus cluster. The results for the four protein targets listed in Table 2 are shown in Figure 5 . For all four cases there is substantial improvement in the percent ligand coverage using the focused FFT resampling technique. Indeed, as shown in Figure  4 , the hot spots obtained by focused mapping delineate fairly well the ligands bound to three targets, i.e., the von HippelLindau (VHL) protein, survivin, and KEAP1. For PCNA (PDB ID 1rwz) the percent ligand coverage is only 18.75% even when using the results of the focused FFT resampling, which, while double the percent ligand coverage obtained using the global mapping (7.8%), is still quite low. However, in this case, a very large fraction of the pentapeptide ligand extends beyond the binding site, with only Leu and Phe occupying binding pockets. Therefore, we expect that only a relatively small fraction of the ligand overlaps with hot spots, resulting in moderate ligand coverage. Nevertheless, the focused resampling still improves the accuracy of the information provided by the mapping.
Conclusions
Due to the pairwise character of the potential function terms representing nonbonded interactions in most molecular mechanics force fields, the interaction energy between two molecules can be written in the form of a correlation function. The fast Fourier transform (FFT) correlation algorithm provides an extremely efficient approach to evaluating such energy expressions. The algorithm has been used with great success both for protein-protein docking and protein mapping, two applications that require global sampling of the energy landscape. In view of the computational efficiency of the FFT algorithm, in this work we explored whether the same approach can provide additional information when applied to selected regions of interest in a focused manner. In protein-protein docking, resampling of near-native clusters, identified by the global docking, substantially increased the number of docked structures within 5 Å IRMSD from the native structure for the majority of complexes considered. However, clustering of these conformations, the usual method of selecting models in ClusPro (see Methods), did not lead to significant overall improvement. Nevertheless, we discuss that several refinement and cluster discrimination algorithm can take advantage of the finely sampled energy landscape. In protein mapping the focused resampling of the hot spot regions identified by the global mapping provide information on secondary hot spots that are frequently missed by the initial mapping. This additional information better shows the regions that participate in ligand binding. In addition, as shown previously with applications to fragment based drug design, the knowledge of secondary hot spots facilitates the extension of fragment hits into larger and higher affinity ligands. 
